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I.  INTRODUCTION 


Nickel-cadmium  (Ni-Cd)  battery  cells  are  often  stored  during  extended 
periods  of  inactivity  in  a  totally  discharged  state,  usually  with  a  shorting 
connector  across  the  terminals  of  each  cell.  Much  evidence  points  to  this 
being  the  optimum  storage  mode,  particularly  at  reduced  temperature.  In  addi¬ 
tion,  a  growing  body  of  data  also  indicates  that  periodic  total  discharge  of 
individual  cells  in  a  battery  is  an  extremely  useful  way  of  reconditioning  and 
balancing  cell  performance,  and  thus  extending  the  operational  life  of  a  Ni-Cd 
battery.  For  a  battery  of  series-connected  cells,  the  process  of  total  dis¬ 
charge  must  generally  be  done  for  each  cell  independently,  so  that  the  lower 
capacity  cells  will  not  be  series  driven  into  reversal  by  the  higher  capacity 
cells.  A  particularly  simple  way  to  accomplish  an  Independent  discharge  for 
each  cell  is  merely  to  place  a  resistor  (typically  1  ft)  across  each  cell  and 
allow  the  cell  to  discharge  for  an  extended  period  of  time.  For  batteries 
this  is  often  done  by  attaching  a  shorting  resistor  assembly  to  voltage 
sensing  wires  at  a  battery  connector. 

Any  realistic  battery  short-down  procedure  involving  discharge  of  more 
than  one  cell  at  a  time  cannot  provide  for  totally  independent  discharge  of 
cells.  This  situation  arises  simply  because  of  the  finite  resistance  in  the 
connecting  current-carrying  leads  common  to  adjacent  cells.  The  short-down 
procedure  actually  creates  a  resistive  network  in  which  coupling  between 
adjacent  cells  must  always  exist  as  long  as  any  lead  resistance  is  present,  ai 
indicated  in  Fig.  1. 

Because  of  the  coupling  effects  of  lead  resistances,  there  is  a  distinct 
possibility  that  the  lower  capacity  cells  will  be  driven  into  reversal  by  the 
higher  capacity  cells,  even  when  individual  resistors  are  connected  across 
each  cell.  The  driving  forces  for  such  reversal  should  generally  be  minimized 
by  maintaining  capacity  balance,  minimum  lead  resistance,  optimized  cell 
configuration,  and  appropriate  short-down  procedures.  In  this  report  the 
network  of  Fig.  1  is  analyzed  as  a  function  of  cell  characteristics,  lead 
resistance,  and  shorting  resistance.  The  extent  of  cell  reversal  that  may 
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realistically  be  expected  if;  calculated  for  typical  battery  short-down  con¬ 
figurations.  Test  data  are  also  presented  to  support  the  model  for  a  4-cell 
Ni-Cd  battery  consisting  of  3.5-A  h  "D"  cells.  Finally,  recommendations  are 
provided  to  indicate  how  to  minimize  the  possibility  of  cell  reversal  during 
individual  cell  short-down. 


II.  NETWORK  ANALYSIS 


For  the  network  of  Fig.  1,  the  cell  currents  In  must  be  determined  as  a 
function  of  the  cell  voltages  Vn,  the  shorting  resistances  Sn,  and  the  lead 
resistances  Rn.  For  each  cell  n,  the  application  of  Kirchhoff’s  laws  shows 
that  the  current  through  the  shorting  resistor  In  must  equal  the  cell  current. 
The  voltage  of  each  cell  is  equal  to  the  sum  of  the  voltage  drops  around  each 
loop,  l.e., 


\  -  Vn  +  V1.  *  Vl>  +  '  W  <» 

which  may  be  rearranged  to 

vn  ■  Vsn  +  *n  +  Vl>  ‘  VlVl  ‘  Vl«n  <2> 

The  relationships  between  voltage,  current,  and  resistance  are  thus  simply 
reduced  to  the  equation 

R  I  -  V  (3) 


where  R  is  the  n-by-n  network  resistance  matrix  with  elements 


rij  “  (Si  +  Ri  +  Ri+i>  6ij  “  Rj5i+l,j  _  Ri6i-l,j 


(A) 


where  6^  is  the  delta  function.  The  diagonal  term  in  Eq.  (4)  represents  the 
discharge  paths  expected  for  ideal  individual  cell  discharge.  The  off- 
diagonal  terms  represent  the  coupling  of  each  cell  through  the  network  to 
other  discharging  cells.  The  current  and  voltage  in  Eq.  (3)  are  both  n- 
element  column  vectors  with  elements  In  and  Vn,  respectively.  Equation  (3) 
may  be  solved  for  the  cell  voltages  VR  if  the  currents  ^  are  known,  or  the 
currents  may  be  determined  if  the  voltages  are  known. 


III.  EXPERIMENTAL  RESULTS 


To  evaluate  how  the  analysis  of  the  previous  section  can  be  applied  to 
battery  discharge,  a  4-cell  battery  and  resistance  network  were  prepared  hav¬ 
ing  the  values  given  in  Table  1.  The  cells  were  3.5-A  h  Ni-Cd  "D"  cells.  The 
voltage  and  current  of  each  cell  was  monitored  as  a  function  of  time  during 
discharge  through  the  resistors.  The  battery  was  typically  charged  for  16  h 
at  C/10  following  at  least  a  16-h  short-down. 

The  first  test  involved  charging  cells  1  through  3  only,  discharging 
these  three  cells  for  2.5  h  at  1  A,  then  resistively  shorting  down  all  four 
cells  using  the  network  defined  in  Table  1.  The  observed  voltage  behavior  for 
the  four  cells  is  indicated  in  Fig.  2,  where  the  points  indicate  the  voltage 
calculated  from  Eq.  (3)  and  the  lines  indicate  the  experimentally  measured 
voltages.  Cell  4,  which  is  totally  discharged,  remains  in  reversal  for  about 
2.5  h.  The  reversal  current  depends  on  the  voltage  of  the  other  cells,  but 
was  as  high  as  94  mA  (C/37)  early  in  the  reversal.  The  good  agreement  between 
the  experimental  data  and  the  calculated  points  in  Fig.  2  indicates  that  the 
network  model  of  Fig.  1  can  accurately  describe  the  behavior  of  battery  cells 
during  individual  cell  short-down. 

The  second  test  inv  'lved  connecting  the  shorting  resistor  to  cell  4,  1  h 
before  shorting  down  the  other  cells,  thus  creating  about  a  1-A  h  lower  capac¬ 
ity  in  cell  4.  As  indicated  in  Fig.  3,  cell  4  was  still  driven  into  reversal 
for  about  12  min  with  a  maximum  reversal  rate  of  92  mA.  The  third  test  was 
similar  to  the  second  test  except  that  short-down  was  begun  1  h  earlier  on 
cell  3  rather  than  on  cell  4.  The  results  are  indicated  in  Fig.  4.  The 
reversal  rate  was  172  mA,  about  twice  that  of  the  previous  test,  presumably 
because  during  most  of  the  reversal  period  the  cells  on  each  side  of  cell  3 
had  high  voltages.  In  the  third  test  tht  cell  was  in  reversal  for  32  min. 
These  results  suggest  that  during  short-down  the  end  cells  in  a  series  string 
hive  a  ruch  more  benign  environment  with  regard  to  reversal. 
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Table  1 


Experimental  Battery  Network  Parameters  for 
4  Cells  Connected  in  Series  (3.5  A  h) 


Lead  Resistance,  ft 


Shorting  Resistance,  ft 


L 


2 

GE  TIME,  hr 


3 


ttery;  Cell  4  is  Totally  Discharged, 
e  ~1-A  h  Capacity 


1.01  Ah  — — I 


-i - 1 - 1 _ I 

2  3  4  5 

SHORTDOWN  TIME,  hr,  for  cells  1  through  3 


Short-Down  of  a  4-Cell  Battery;  Cell  4  Discharge  Started  1  hr 
Earlier  than  Did  That  of  the  Other  Cells 
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IV.  BATTERY  SHORT-DOWN  SIMULATIONS 


.V. 


The  short-down  of  a  battery  containing  n  cells  was  simulated  by  a  com¬ 
puter  model.  The  inputs  to  this  model  consisted  of  shorting  resistances,  lead 
resistances,  the  capacity  in  each  cell,  and  a  current-voltage  relationship  as 
a  function  of  residual  capacity  discharged  from  the  depleted  cell. 

The  current-voltage  relationship  that  was  used  in  the  simulations  was 
derived  from  short-down  data  for  3.5-A  h  cells  having  1-fl  short-down  resis¬ 
tors,  and  is  meant  to  provide  only  a  representative  current/voltage  relation¬ 
ship  during  short-down.  Each  cell  was  assumed  to  have  a  constant  voltage  of 
1.15  V  until  its  capacity  was  depleted,  after  which  the  voltage  decreased 
linearly  to  0.2  V  during  the  discharge  of  an  additional  0.04  A  h.  Thereafter 
each  cell  was  assumed  to  have  a  voltage  given  by 

Vn  *  0.317  x  10_5Q  -  AI(1. 228  lO"1,226*1)  (5) 

where  Q  is  residual  capacity  discharged  in  A  h,  and  AI  is  any  discharge  cur¬ 
rent  in  excess  of  that  anticipated  from  the  diagonal  terms  in  Eqs.  (3)  and 
(4).  Equation  (5)  was  obtained  empirically  by  fitting  the  voltage  of  one  cell 
during  short-down.  When  the  voltage  is  negative,  a  limit  of  VR  -  -0.06 
log( I/O. 00014)  is  used  to  give  a  reasonable  asymptotic  dependence  for  hydrogen 
evolution.  While  this  model  is  only  approximate,  it  provides  a  reasonable 
empirical  representation  of  the  short-down  behavior  with  1-0  resistors,  which 
can  be  used  for  evaluating  trends  in  the  short-down  behavior. 

The  first  computer  simulation  was  for  a  4-cell  battery  using  the  short- 
down  parameters  of  Table  1:  3. 5  A  h  of  capacity  for  cells  1  through  3  and 
2.5  A  h  for  cell  4.  The  trends  in  the  simulation  should  therefore  be  directly 
comparable  to  the  data  in  Fig.  3.  The  results  of  the  simulation.,  indicated  in 
Fig.  5,  clearly  show  the  same  features  as  the  data  in  Fig.  3. 

The  second  computer  simulation  was  done  for  a  22-cell  battery  where  1 
cell  was  assumed  to  have  1  A  h  less  capacity  than  the  other  21  cells,  and  the 
position  of  the  low-capacity  cell  was  varied  from  one  end  to  the  middle  of  the 
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cell  string.  All  shorting  resistors  were  1  ft  and  all  lead  resistances  were 
0.1  ft.  The  results  of  this  simulation,  presented  in  Fig.  6,  clearly  show 
that  the  end  cell  should  be  subject  to  considerably  less  reversal  than  cells 
of  equal  capacity  situated  away  from  eitlier  end  of  the  cell  string. 

A  third  simulation  was  done  to  determine  the  effect  of  varying  the  lead 
resistance  on  the  cell  reversal.  An  11-cell  battery  was  simulated,  with  the 
A  h  in  reversal  during  snort-down  plotted  as  a  function  of  lead  resistance  in 
Fig.  7.  The  center  cell  was  assigned  1  A  h  less  capacity  than  the  other 
cells,  so  it  is  the  cell  being  reversed  in  Fig.  7.  All  short-down  resistances 
were  1.0  ft.  From  the  results  in  Fig.  7,  approximately  25  nfi  of  lead  resistance 
are  required  before  reversal  occurs  under  these  conditions  of  simulation.  The 
amount  of  reversal  increases  in  a  nearly  linear  fashion  as  the  lead  resistance 
is  increased  relative  to  the  shorting  resistance. 

It  is  expected  that  the  amount  of  cell  reversal  should  increase  as  capac¬ 
ity  imbalance  Increases.  In  Fig.  8  a  fourth  simulation  is  presented  in  which 
the  capacity  Imbalance  is  varied  and  both  the  capacity  and  the  time  in  rever¬ 
sal  are  plotted.  This  simulation  is  for  an  11-cell  battery  whose  center  cell 
is  low  in  capacity;  shorting  resistors  are  1.0  ft,  and  lead  resistors  are 
0.1  ft.  Both  capacity  and  time  in  reversal  increase  with  increasing  capacity 
imbalance.  However,  if  the  imbalance  is  near  2  A  h  or  higher,  the  low  cell 
will  stay  in  reversal  long  after  the  other  cells  are  depleted,  since  it  has 
been  taken  down  far  enough  in  capacity  that  even  the  low  residual  voltages 
present  for  the  other  cells  can  hold  the  low  cell  in  reversal.  The  data  in 
Fig.  8  clearly  indicate  the  need  to  avoid  conditions  that  can  lead  to  large 
imbalances  in  capacity. 

Capacity  imbalances  between  the  cells  of  a  battery  are  generally  con¬ 
trolled  to  less  than  5%  of  the  total  capacity  by  cell  matching  procedures. 
However,  extended  periods  of  open-circuit  stand,  cycling,  or  other  environ¬ 
mental  considerations  may  temporarily  create  greater  imbalances.  If  a  normal 
distribution  of  cell  capacities  is  assumed  for  an  11-cell  battery,  and  these 
cells  are  arranged  in  order  of  increasing  capacity  in  the  battery,  it  was  not 
possible  to  reverse  any  cells  in  a  computer  simulation  where  the  total  spread 
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Fig.  7.  Extent  of  Reversal  as  a  Function  of  Lead  Resistance  for  the 
Center  Cell  of  an  11-Cell  Battery,  for  Capacity  Imbalance  - 
1  A  h  and  Sn  -  1.0  8 
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of  capacities  was  allowed  to  go  up  to  1  A  h.  This  is  because  adjacent  cells 
are  never  very  different  from  each  other  in  capacity.  Adjacent  cells  probably 
would  have  to  differ  by  0.3  A  h  or  more  to  get  reversal  in  this  configuration. 
On  the  other  hand,  if  the  cell  arrangement  is  changed  so  that  high-capacity 
and  low-capacity  cells  alternate  without  any  change  in  the  overall  cell  capac¬ 
ity  distribution,  extensive  reversal  becomes  possible.  This  is  simulated  in 
Fig.  9,  where  the  extent  of  reversal  is  plotted  as  a  function  of  the  A  h 
spread  in  an  11-cell  battery,  assuming  a  normal  distribution  of  capacities. 

The  cells  alternate  in  capacity  so  that  cells  2,  4,  and  6  are  the  three  lowest 
capacity  cells.  The  results  in  Fig.  9  indicate  that  when  capacity  imbalances 
are  possible,  it  is  very  likely  that  several  cells  can  be  driven  into  reversal 
simultaneously. 

A  final  situation  that  can  load  to  significant  Imbalance  in  cell  capac¬ 
ities  in  a  battery  is  the  effect  of  unmatched  short-down  resistors  being  used 
to  take  a  battery  down  from  a  high  state  of  charge.  This  effect  causes  some 
cells  to  discharge  faster  than  others,  so  that  large  imbalances  in  capacity  can 
exist  when  the  first  cell  reaches  depletion,  even  if  all  cells  were  closely 
matched  at  the  start  of  discharge.  This  effect  is  simulated  in  Fig.  10,  where 
both  the  extent  of  reversal  and  the  effective  cell  imbalance  are  plotted  as 
functions  of  short-down  resistor  imbalance.  The  simulation  started  with  a 
fully  charged  3.5-A  h  battery  containing  11  cells,  of  which  the  center  cell 
has  an  imbalanced  short-down  resistor.  The  initial  capacity  spread  between 
high  and  low  cell  was  0.3  A  h  and  followed  a  normal  distribution.  The  cells 
were  arranged  in  an  alternating  high-low  capacity  arrangement.  Figure  10 
indicates  that  a  15  to  202  imbalance  in  short-down  resistors  can  add  0.7  A  h 
to  the  Imbalance  between  cells  and  can  cause  extensive  reversal.  The  situ¬ 
ation  of  Imbalance  due  to  variations  in  short-down  resistors  can  be  easily 
managed  by  either  using  matching  resistors,  or  discharging  battery  capacity  as 
a  series  cell  string  until  the  lowest  cell  is  depleted  before  the  short-down 
resistors  are  connected. 


REVERSAL  CAPACITY,  Ah 


DISTRIBUTION  SPREAD,  Ah 


Fig.  9.  Extent  of  Reversal  as  a  Function  of  Capacity  Imbalance  in  an 
11-Cell  Battery  Having  Normal  Capacity  Distribution  (High/Low 
Alternation  of  Cells),  for  S  ■  1,0  11  and  Rn  -  0.1  ft 
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V.  CONCLUSIONS 


The  results  presented  here  indicate  that  significant  reversal  of  the 
lowest  capacity  cells  can  result  from  individual  cell  short-down  of  a  Ni-Cd 
battery.  A  model  has  been  presented  that  provides  a  straightforward  way  to 
evaluate  the  risk  of  cell  reversal  for  a  particular  battery  or  a  particular 
short-down  procedure.  The  consequences  of  cell  reversal  are  likely  to  be 
(1)  some  hydrogen  evolution,  although  not  enough  to  over pressurize  the  cell; 
and  (2)  significant  Cd  reduction  at  the  Ni  electrode,  possible  leading  to  Cd 
dendrite  short-circuits.  Such  short-circuits,  if  formed,  will  be  oxidized 
during  recharge  and  are  not  expected  to  compromise  performance. 

This  report  suggests  a  number  of  points  that  are  important  in  minimizing 
the  possibility  of  cell  reversal,  as  follows: 

1.  Minimize  capacity  imbalances  that  may  arise  from  uncontrolled  bat¬ 
tery  handling  or  storage.  This  is  particularly  important  during 
integration  and  test  procedures. 

2.  Do  not  discharge  battery  capacity  from  a  high  state  of  charge  by 
using  individual  cell  short-down.  Discharge  the  battery  as  a  series 
string  of  cells  until  the  lowest  capacity  cell  is  depleted,  then 
apply  short-down  resistors  to  individual  cells. 

3.  Use  1%-tolerance  resistors  for  short-down. 

4.  Minimize  lead  resistance  relative  to  the  resistance  of  the  short- 
down  resistors.  Lead  resistance  includes  that  of  leads  internal  to 
the  battery  assembly,  plus  that  of  any  cabling  used  to  connect  the 
battery  to  a  breakout  box  where  the  short-down  resistors  are 
attached.  The  ultimate  solution  to  minimize  lead  resistance  is  to 
attach  the  short-down  resistors  at  the  cell  terminals,  or  to  attach 
separate  leads  at  each  cell  terminal. 

5.  The  arrangement  of  cells  within  a  battery  is  critical.  The  optimum 
arrangement  for  minimizing  the  possibility  of  cell  reversal  is  to 
order  the  series  string  of  cellt  in  terms  of  capacity,  from  high  at 
one  end  to  low  at  the  other  end.  This  procedure  makes  it  difficult 
to  reverse  any  cell  in  the  string  during  short-down  as  long  as  the 
spread  in  cell  capacities  does  not  increase  significantly  beyond  the 
Initial  spread  typically  allowed  in  Ni-Cd  batteries. 
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6.  The  end  cells  In  the  series-connected  string  are  always  less  subject 
to  reverse  discharge  during  individual  cell  short-down  than  the 
other  cells  in  the  battery. 
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The  Laboratory  Operation*  of  The  Aeroepaee  Corporation  1*  conducting 
experimental  and  theoretical  lnveetlgatlone  nnceseary  for  the  evaluation  and 
application  of  scientific  advincaa  to  new  allltary  apace  eyeteae.  Versatility 
and  flexibility  have  been  daveloped  to  a  high  dagree  by  the  laboratory  person¬ 
nel  In  daallng  with  the  aany  problaas  encountered  In  the  natlon'e  rapidly 
developing  space  eysteas.  Expertise  In  the  latest  scientific  devalopaents  Is 
vltsl  to  the  accoapllshaenr  r‘  tacks  related  to  these  probleas.  The  labora¬ 
tories  that  contribute  to  this  research  ara: 

Aetupnyslce  Laboratory:  Launch  vehicle  and  reentry  fluid  mechanics,  heat 
tra'.efar  and  flight  dynaalcs;  chealcal  and  electric  propulsion,  propellant 
cbenlstry,  a.ivlronasntal  hazards,  traca  detection;  spacecraft  structural 
aechanlcs,  contsalnatlon,  thermal  and  structural  control;  high  taaperatura 
theraoaechanlcs,  gas  kinetics  snd  radiation;  ew  and  pulsed  laear  development 
Including  chealcal  kinetics,  spectroscopy,  optical  reeonators,  beam  control, 
atnoepherlc  propagation,  laser  effeete  and  countarnessurae. 

Chealstry  and  Physics  Laboratory;  Ataospherlc  chealcal  reactions,  atao- 
spherlc  optics,  light  scattering,  state-specific  chealcal  reactions  and  radia¬ 
tion  transport  in  rocket  pluaes,  applied  laser  spectroscopy,  laser  chealstry, 
lssar  optoelectronlce,  solar  cell  physics,  battery  alactrochealatry,  apace 
vacuus  and  radiation  effects  on  notarial*,  lubrication  and  eurfaca  phenomena, 
thermionic  ealeelon,  photoeansltlva  aatarlale  and  detectors,  atonic  frequency 
etandards,  and  environmental  chealstry. 

Electronics  Reeaarch  Laboratory:  Microelectronics,  GaAs  low  noisa  and 
power  devices,  eealconductor  lascre,  alectroasgnetlc  and  optical  propagation 
phenomena,  quantum  electronics,  laser  communications,  Ildar,  and  electro- 
optica;  communication  eclencee,  applied  electronics,  semiconductor  cryetal  and 
davlce  physics,  radiometric  lawglng;  millimeter  wave,  alcrowsva  technology, 
and  RF  aysteaa  raeearch. 

Information  Sciences  Research  Office:  Program  verification,  program 
trsnelatlon,  performance-sensitive  systaa  design,  dletrlbuted  archltecturas 
for  epacehor  computers,  fault-tolarsnt  coaputer  systeas,  artificial  Intel¬ 
ligence  and  alcroelactronlcs  applications. 

Materials  Sciences  Laboratory;  Development  of  new  materlale:  aetal 
aatrlx  coaposltee,  polymers,  and  new  forae  of  carbon;  nondestructive  evalua¬ 
tion,  component  failure  analysis  and  reliability;  fracture  aachanlce  end 
etraee  corrosion;  analysis  and  evaluation  of  materials  st  cryogenic  and 
elavatad  temperatures  a*  well  aa  In  space  and  aneay-lnduced  environments. 

Space  Sciences  laboratory;  Magnetospheric,  auroral  and  coaalc  rsy  phys¬ 
ics,  wave-partlcla  Interactions,  magnetospheric  plasma  waves;  ataoepherlc  and 
Ionospheric  phyelcs,  density  and  composition  of  the  upper  ataosphera,  reaota 
senalng  using  ataospherlc  radiation;  solar  physics.  Infrared  astronoay, 
Infrared  signature  analysis;  affects  of  solar  activity,  magnetic  etorae  and 
nuclaar  axploslone  on  the  earth's  ataosphera,  Ionosphere  and  aagnetosphera; 
ef facts  of  alactroaagnetlc  and  particulate  radiations  on  spaca  eyeteas;  apaca 
Instrumentation. 


